Abstract. Spectra measured by incoherent scatter radars are formed predominantly by scattering of the incident signal off ion-acoustic and Langmuir waves in the ionosphere. Occasionally, the upshifted and/or downshifted lines produced by the ion-acoustic waves are enhanced well above thermal levels and referred to as naturally enhanced ion-acoustic lines. In this paper, we study another kind of enhancement, which is spectrally uniform over the whole ion-line, i.e. the upand downshifted shoulder and the spectral valley in between. Based on observations made with the EISCAT Svalbard radar (ESR) facility, we investigate the transient and spectrally uniform power enhancements, which can be explained by ionacoustic solitary waves. We use a theory of nonlinear waves in a magnetized plasma to determine the properties of such waves and evaluate their effects on scattered signals measured by ESR. We suggest a new mechanism that can explain backscattered power enhancements by one order of magnitude above the thermal level and show that it is consistent with observations.
Introduction
In incoherent scatter radar data, enhanced spectra are often seen. One such phenomenon is naturally enhanced ionacoustic lines (NEIAL), which refers to spectral enhancements at the ion-acoustic frequency sometimes observed by Correspondence to: J. Ekeberg (jonas.ekeberg@irf.se) incoherent scatter radars when the radar beam is nearly parallel to the geomagnetic field. NEIAL cover a wide range of altitudes and are interpreted as destabilized ion-acoustic waves (Rosenbluth and Rostoker, 1962) . They were first seen in spectra taken by the Millstone Hill incoherent scatter radar (Foster et al., 1988) and were later also observed with the EISCAT UHF , the EISCAT VHF and the EISCAT Svalbard Radar (Sedgemore-Schulthess et al., 1999; Buchert et al., 1999) .
Several attempts to explain the phenomenon have been made, but so far none is completely satisfactory. A detailed review of the understanding of NEIAL during the first decade of study has been written by Sedgemore-Schulthess and St.-Maurice (2001) . The generation models constitute different ways of producing the ion-acoustic fluctuations necessary for causing NEIAL. These fluctuations enhance either or both of the ion-acoustic shoulders in the incoherent radar spectra.
Based on earlier theoretical work (Rosenbluth and Rostoker, 1962; Kindel and Kennel, 1971 ), a current instability (= ion-electron streaming instability) has been suggested (Foster et al., 1988; Collis et al., 1991; Rietveld et al., 1991) as a mechanism for producing NEIAL observed by the Millstone Hill and EISCAT radars. Shortly after, an ion-ion twostream instability was suggested to generate the necessary ion-acoustic fluctuations for NEIAL (Wahlund et al., 1992) .
A third type of generation mechanism was suggested by Forme (1993) in the form of parametric decay of Langmuir waves. This model was later refined (Forme, 1999) to explain the altitude dependence of spectral signatures, in particular cases where both shoulders are enhanced.
Solitary waves have recently been suggested as explanations for coronal heating (e.g., Stasiewicz and Ekeberg, 2008a ) and auroral acceleration (e.g., Stasiewicz and Ekeberg, 2008b) . The present study investigates how ion-acoustic solitary waves could create a different type of transient enhancement of the incoherent scatter ion-line than that so far implicitly associated with the term NEIAL.
In data sets taken by the EISCAT Svalbard Radar (ESR) during the IPY (International Polar Year) operation, transient, spectrally uniform enhancements of the power in the ion-line by about one order of magnitude over a limited height range at, or close to, the F region peak have been found to be quite common. One example is shown in Fig. 1 , where the left panel displays a "classical" NEIAL spectrum and the right panel shows a uniformly enhanced spectrum. The uniform type of enhancement, which leaves the ion-line spectral shape largely unchanged, is not easily explained by any of the current NEIAL models but is consistent with the model presented below.
In Sect. 2, we present ESR observations of spectrally uniform ion-line enhancements and plasma parameters used later for modelling. Section 3 introduces the model equations and discusses the characteristics of the solitary wave solutions. In Sect. 4, the suggested mechanism for spectrally uniform scattering cross section enhancements is described and results presented. The paper ends with a discussion of the model results seen in the light of the observations.
Observation
The EISCAT Svalbard radar (ESR) (Wannberg et al., 1997) is a 500 MHz incoherent scatter radar located on Spitsbergen at 78 • 09 � 11 �� N, 16 • 01 � 44 �� E. The system consists of two 
parabolic dish antennae of 32 m and 42 m in diameter. The former is fully steerable in azimuth and elevation, whereas the latter is fixed along the local direction of the geomagnetic field with an azimuth of 181 • and an elevation of 81.6 • .
Our example case was derived from an ESR 42 m dataset taken on 1 August 2007 with the IPY experiment. The experiment used a 32 bit alternating code (Lehtinen and Häggström, 1987) in 30 µs long pulses and had maximum range and time resolutions of 4.5 km and 6 s, respectively. It was run during one year and focused on lower heights (< 500 km), in particular the E region. Figure 2 shows a sequence of ion-line spectra with a time resolution of 6 s and an altitude resolution of approximately 17 km, recorded between 00:42:42 UT and 00:43:30 UT. At 00:43:00 UT, the power in the ion-line at 229 and 246 km altitude suddenly peaked, reaching a level of about 4-5 times the quiescent level, after which it started to decay back to the quiescent level. The power enhancement was almost uniform across both ion-acoustic shoulders and the spectral valley, suggesting no increase of the T e /T i -ratio as typically seen in NEIAL-type enhancements (e.g, Forme et al., 1995) . At the same time, almost no enhancement of the spectral power was seen in the height gates immediately below 229 km and above 246 km.
To get an idea of the magnitude of the enhancement, the total energy contained in the ion-line between −10 kHz and +10 kHz was estimated as a function of time and normalized to the level at the beginning of the event at 00:42:42 UT. This was done for each altitude bin separately. We found that at 00:43:00 UT, the ion-line power at 229 km was enhanced by a factor of four and the power at 246 km by a factor of five; six seconds later, the enhancements were down to two and four times, respectively. The duration of the strong enhancement peaking at 00:43:00 UT was at most 12 s.
The electron density profile preceding the event is shown in Fig. 3 . The electron density and electron-and ion temperatures were integrated during 3 min between 00:28:48 and 00:31:48 UT and forms the parameter set, upon which the assumed model plasma in Table 1 is based. This particular interval was the last consecutive 3 min interval without abnormal spectra before the event in Fig. 2 . It can be seen that the maximum spectral enhancement was taking place close to the F region peak. 3 Non-linear fluid model
We anticipate that ion-acoustic solitary structures could explain the observed spectrally uniform enhancement shown in Fig. 1 . Therefore, a fluid model based on Hall-MHD with a generalized Ohm's law including electron-to-ion-mass ratio effects and electron pressure gradients, is introduced. The details are presented in the following.
Model equations
The center of mass momentum equation and the generalized Ohm's law for a collisionless plasma with singly charged positive ions and electrons are given by (e.g., Krall and Trivelpiece, 1973 )
where V , J , P and P e are the center of mass velocity, current density, total pressure and electron pressure, respectively. In deriving Eqs. (1) and (2), collisions were neglected and N e ≈ N i ≈ N was assumed, thus neglecting charge separation effects. The system is closed by the Maxwell's equations,
neglecting the displacement current, and two equations of state,
where γ and γ e are the polytropic pressure exponents for total and electron pressure, respectively. The isotropic and polytropic pressure relations are applicable for plasmas with β = 2µ 0 p 0 /B 2 0 < 1, hence for simplicity they are chosen instead of the more general polybaric pressure model (Stasiewicz, 2005b) .
Collisions
As stated earlier, collisions were neglected in Eqs. (1) and (2). Among the collisions involving ions, neutrals and electrons, the ion-neutral collisions are expected to affect the Hall-MHD dynamics the most. The spectral enhancement in the right panel of Fig. 1 was observed around 240 km which is close to the F region peak. At these heights, the ion-neutral collision frequency is of the order of 10 rad/s (Kelley, 1989) and falls off quickly with increasing height. The linear dispersion relation of Hall-MHD shows that the growth rate associated with the wave vector used in this paper is of the order of 10 3 rad/s. Thus, the growth time of solitary structures is shorter than the collision period. Collisions are therefore expected to have a negligible effect on solitary structure formation in the present situation.
The wave frame of reference
In the frame of reference moving with a wave along the xaxis, N V � x =constant (continuity equation) and B x =constant (∇ · B = 0), where the prime denotes a quantity being measured in the wave frame. Zero-indexing background quantitites and defining the magnetic field B 0 = B 0 [cosα,0,sinα] , the x-component of Eq. (1) in the stationary wave frame reads
where 
where R = m e /m i and M � = M/cosα and x has been normalized to λ i = V A /ω ci = λ e / √ R, where λ i,e are the ion and electron inertial lengths, respectively. Note that B and J are uneffected by the Lorentz transformation to the wave frame in the non-relativistic case. Equations (6-8) are identical to the model used by Stasiewicz (2005a) in the isotropic case, except for a sign difference in the definition of the Alfvén Mach number, choosing here the positive sign for the propagation direction of the wave. Expressing the second-order derivatives of Eqs. (7) and (8) in terms of first order ones by letting R = 0, differentiating, and re-substituting gives �
As seen in Table 1 , singly charged oxygen ions are assumed to dominate the ionospheric F region. This justifies neglecting the electron-to-ion mass ratio R to first order.
Linearization
Linearizing Eqs. (6), (9) and (10) by perturbing the background state, n = 1 + δn, b y = 0 + δb y , b z = sin(α) + δb z , gives a system on the forṁ where y = [δn δb y δb z ] T andẏ = ∂y ∂x are column vectors and J is the Jacobian for the system (6), (9) and (10) evaluated at the background state. Assuming perturbations ∝ exp(Kx) gives
where M is the polarization matrix and δb = � δb y δb z � T is a column vector. Setting the determinant of M equal to zero gives the dispersion relation
where (14) gives the Hall-MHD dispersion relation for an isotropic plasma. K relates δb y to δb z through the equation
The perturbations are fixed through Eqs. (12) and (15) by choosing δb z . Note that especially high growth rates are expected in the vicinity of the singularity along the sonic shock line M = √ γβ/2. It is seen from Eq. (14) that the two roots K 1,2 = ± √ K 2 are either purely imaginary or real. K 2 < 0 corresponds to sinusoidal solutions, whereas K 2 > 0 describes exponentially-varying solitary waves. Based on Eq. (14), the phase diagram in Fig. 4 shows two ranges where solitary waves exist for a plasma typical in the ionospheric F region. The assumed plasma parameters are specified in Table 1. The present paper focuses on waves in the left area, just to the left of the sonic shock line (M = √ γβ/2 ≈ 3 · 10 −3 ).
Wave solutions
Waves existing in the phase diagram of Fig. 4 are integrated by first assuming a density perturbation δn at x = 0, calculating the related transverse magnetic field perturbations δb y and δb z with Eqs. (12) and (15) and finally solving Eqs. (6), (9) and (10) by perturbing the background state. The perturbation is, thus, only an initial condition for the integration and the result of this perturbation will be refered to as a solitary structure. In the linear regime (white colour) of Fig. 4 , a density perturbation will generate a sinusoidal density fluctuation with amplitude equal to the perturbation. The wave vector is given by the imaginary part of K.
In the solitary wave range, the wave properties are independent of the perturbation size, as long as it is small compared to the normalized background. The density perturbation δn will, however, determine the spatial growth rate of the first peak. Neither period nor amplitude of the following peaks will be affected. A change of δn by a factor 10 will displace the first peak by ∼ λ e .
In this study, a density perturbation of δn = 10 −4 was chosen and the corresponding transverse magnetic perturbations, for the M-and cosα-values in Table 2 (indicated by blackedged circles in Fig. 4) Alfvén and magnetosonic waves propagating along the geomagnetic field lines down into the ionosphere perturb the magnetic field as though compressing, twisting and plucking it. Perturbing a background plasma such as the one described in Table 1 in a manner defined by Eqs. (12) and (15) . The x-axis is normalized to electron inertial length, λ e . All structures propagate in the plasma defined by Table 1 with speeds close to the ion-sound speed (M = √ βγ /2) relative to the plasma.
depending on direction of propagation and speed relative to the plasma.
The geometry implied by the model equations in Sect. 3.1 for the ionosphere is illustrated by Fig. 7 , where the dip angle θ is the angle between ground and the tangent of the geomagnetic field at a certain altitude. In the right-handed system xyz,ŷ points eastward and the α-angles given in Table 2 imply anx pointing approximately to the north. Note that α = θ would give a purely horizontal flow. At the location of ESR, the dip angle at 300 km altitude is approximately 80 • .
Assume an isolated solitary wave propagating transversely across a radar beam oriented along the geomagnetic field. This solitary structure will supply an addition of plasma into the radar beam and thus increase the number of scatterers (electrons). Within a height gate, the radar beam can be approximated by a cylinder of height h and diameter d. Assuming a solitary structure consisting of infinitesimal slabs, each with constant plasma density N and thickness dx, height h and width w, propagating into the radar beam, implies the geometry in Fig. 8 . Since the beam cross section is circular, the transverse (to the direction of propagation) beam width w at the distance x is given by
Let the beam originally be filled with background plasma of density N 0 . A solitary structure with density N(x) and length Table 1 with speeds close to the ion-sound speed (M = √ βγ /2) relative to the plasma.
l in the x-direction located inside the beam would then provide the additional
(n − 1)w dx number of electrons, where x 0 is the starting location of the solitary structure in the beam. Now, assume a train of solitary structures propagating into the beam and spanning over a length equal to the radar diameter d. As the train fills the full diameter of the beam, the ratio between number of electrons in the beam with and without solitary structures is given by
The effective beam width of the ESR 42 m antenna is equivalent to d = 2.5 km at 250 km altitude. The ratio X, as defined in Eq. (17), was calculated for the structures in Figs. 5 and 6 and shown in Table 3 . It shows expected scattering cross section enhancements between 3 and 10 times the quiescent level, with the highest enhancements for large M and α ≈ 90 • . We have studied a case of spectrally uniform scattering cross section enhancement seen with ESR on 1 August 2007 between 00:43:00 UT and 00:43:12 UT. During this time, the power in the ion-line seen in the height gates centered at 229 km and 246 km altitude was enhanced by a factor of 4 and 5 times the quiescent level, at respective gates. Plasma parameters at the observation altitude immediately before the observed event were inserted into our non-linear fluid model and ion-acoustic solitary structures were integrated, as shown in Figs. 5 and 6.
A train of such structures propagating transversely across the radar beam would carry enough additional plasma into the beam to enhance the incoherent scatter cross section to the observed level. A range of enhancements expected for different values of M and cosα, given in Table 3 , are found to be in good quantitative agreement with the observations. The relatively uniform power enhancement over the full ion-line is difficult to describe with a parametric process or any other mechanism suggested for explaining NEIAL. Also, there is no sign of T e /T i -ratio enhancement or asymmetry in the spectra. Since an electron beam inside or next to the beam probably would have led to a parametric process (e.g., Forme, 1993) , the phenomenon is most likely initiated some distance away from the beam. We therefore assume an initiating process (such as a pumping electron beam) located several kilometres away from the radar beam. The generated solitary structure train could then gradually grow and collect plasma on its way to the beam and the density depletion, resulting from the solitary structure growth, would be spread over a long distance.
It is seen from Figs. 1, 2 and 3 that the spectral enhancement was taking place at or close to the F region peak. This is consistent with the restrictions of our model, which, due to its one-dimensionality is unlikely to be valid in the presence of strong vertical gradients. The strongly localized spectral enhancement differs essentially from observations of NEIAL, which are often seen in a height range of several 100 km at the same time (e.g, Rietveld et al., 1991) .
Conclusions
An event of spectrally uniform ion-line enhancement was observed on 1 August 2007 by the 42 m ESR aligned with the geomagnetic field. The enhancement was at most 5 times the quiescent spectra before the event and was seen in the altitude range 230-250 km. This altitude range includes the F region density peak. The duration of the strong enhancement was at most 12 s.
The observed spectral enhancement is different from NEIAL. The spectrally uniform enhancement over the whole ion-line is difficult to explain with any mechanism suggested for NEIAL, where either or both ion-acoustic shoulders are enhanced but in general not the spectral valley in between. Also, we do not see the T e /T i -ratio enhancement associated with an increased peak-to-valley-ratio often seen in NEIAL observations (e.g, Forme et al., 1995) . The enhancement at study is localized to two height-gates, centered on that altitude at which vertical density gradients vanish. NEIAL, on the other hand are often observed in a height range of several 100 km.
A non-linear fluid model was used to describe solitary waves in the upper ionosphere. Perturbing the upper ionospheric plasma by shaking and twisting the magnetic field lines, compressive solitary structures were generated. They propagate transverse to the magnetic field at speeds close to the ion-acoustic speed and have perpendicular (to B 0 ) widths of about 10 m.
A beam-filling train of the solitary waves described above would produce spectrally uniform power enhancements of about one order of magnitude above the thermal level, which is consistent with ESR observations.
